To investigate the role of DNA damage and nucleotide excision repair in intrachromosomal homologous recombination, a plasmid containing duplicated copies of the gene coding for hygromycin resistance was introduced into the genome of a repair-proficient human cell line, KMST-6, and two repair-deficient lines, XP20S(SV) from xeroderma pigmentosum complementation group A and XP2YO(SV) from complementation group F. Neither hygromycin-resistance gene codes for a functional enzyme because each contains an insertion/deletion mutation at a unique site, but recombination between the two defective genes can yield hygromycinresistant cells. The rates of spontaneous recombination in normal and xeroderma pigmentosum cell strains containing the recombination substrate were found to be similar. The frequency of UV-induced recombination was determined for three of these cell strains. At low doses, the group A cell strain and the group F cell strain showed a significant increase in frequency of recombinants. The repair-proficient cell strain required 10-to 20-fold higher doses of UV to exhibit comparable increases in frequency of recombinants. These results suggest that unexcised DNA damage, rather than the excision repair process per se, stimulates such recombination.
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Cells from persons with an inherited predisposition to skin carcinomas on sunlight-exposed areas, xeroderma pigmentosum (XP) patients (1) , are markedly deficient in nucleotide excision of DNA damage induced by UV radiation, sunlight, and chemicals that produce DNA lesions similar to those induced by UV (2) . XP cells are abnormally sensitive to the cytotoxic, mutagenic, and transforming effects ofsuch agents (3) (4) (5) (6) (7) . Since protooncogenes can be activated by point mutations (8) , the increased sensitivity of XP cells to mutation induction is considered to contribute to the abnormally high frequency of tumors in these patients. But recent evidence points to homologous recombination in somatic cells as another mechanism in the multistep process of tumorigenesis (9) (10) (11) . For example, Cavanee et al. (9) showed that recombination in cells from a retinoblastoma patient allowed a mutant allele of the RBI locus to become homozygous, permitting expression of the recessive phenotype in the tumor cells. If unexcised DNA lesions promote homologous recombination, then XP cells could be prone to increased homozygosis of oncogenes through recombination.
Wang et al. (12) showed that DNA-damaging agents, including UV, can induce a dose-dependent increase in the frequency of intrachromosomal homologous recombination in mouse cells in culture, and Bhattacharyya et al. (13) showed that the increase correlated with the number of DNA adducts formed. However, there were significant differences between agents in the frequency of recombination induced per adduct, and these could not be explained by differences in overall rate of excision of the adducts formed. From this study it was not possible to determine whether the recombination resulted from unrepaired adducts or from the process of excision repair itself. To answer these questions, we have studied spontaneous and UV-induced intrachromosomal recombination in human cell lines that differ in their capacity for excision repair. We found that the strains have similar rates of spontaneous intrachromosomal recombination, but the frequency of UV-induced recombination in the XP cell strains is much higher than in the repair-proficient cell strain. 
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Construction and Characterization of the Human Cell Strains Containing the Recombination Substrate. The substrate used for previous studies on carcinogen-induced homologous recombination (12, 13) contains duplicated copies of the (Htk) gene, and this requires that the host cells be thymidine kinase-deficient. To broaden the range of lines that could be employed in the study of the role of DNA repair in such recombination, we constructed a plasmid, pTPSN, containing duplicated copies of the dominantly acting hyg gene, each inactivated by an insertion/deletion mutation generating unique HindlIl sites (Fig. 1) . The nature of these mutations makes reversion highly unlikely. The hyg genes are in direct-repeat orientation and flank the dominantly acting gene coding for G418 resistance (neo). pTPSN Representative G4181 transfectant cell strains from each parental line were isolated, tested for the ability to yield Hygr recombinants, and analyzed by Southern blotting to determine the number of copies of the plasmid and to examine the integrity of the hyg genes. As shown in Fig. 1 , digestion with BamHI should produce a 2.2-kbp band and one or more larger junction fragments containing the other hyg gene. If only a single integrated copy of the substrate is present, one junction fragment band will be seen; if two copies of the substrate have integrated at separate sites, there will be two junction fragments, etc. If the hyg genes are intact, digestion with Dra I should produce two bands (2.6 kbp and 2.9 kbp). Digestion with Dra I and HindIl should produce a 1.7-kbp band, a 1.4-kbp band, and a 1.2-kbp band composed of two fragments. The BamHI data suggested that KMST-6-9 and XP2YO(SV)-65 contain a single copy of the plasmid; KMST-6-1, XP20S(SV)-18, and XP2YO(SV)-51 have two copies; and KMST-6-19 has three copies. Digestion with Dra I showed that the hyg genes were intact in all of these strains except XP20S(SV)-18, which had an extra band, larger than the two expected bands. Digestions with Dra I and HindIll indicated that all the hyg genes contained the HindIII linker insertion mutation. Examples of such analyses are shown in Fig. 2 4.6 for the KMST-6-derived cell strains, a value of 8.3 for XP20S(SV)-18, and a mean value of 6.5 for the XP2YO(SV)-derived cell strains.
Relative UV Sensitivity of the Cell Strains and Their Excision Repair Capacity. From each of the three parental cell lines, a transfectant cell strain with a low copy number of the substrate was chosen for study. Their sensitivity to UV was determined from loss of colony-forming ability. As shown in Fig. 3 Upper, the XP cell strains were significantly more sensitive to UV than the KMST-6-derived cells. The curve for the latter is comparable to that of diploid fibroblast cell lines derived from normal persons (5-7).
The relative capacity of these cell strains to carry out UV-induced unscheduled DNA synthesis was compared using two methods. Frequency of Homologous Recombination Induced by UV Radiation. As shown in Fig. 3 , the XP cell strains exhibited a dose-dependent increase in the frequency of Hygr recombinants at low doses (i.e., 0.1-1.0 J/m2); the excision repairproficient KMST-6-9 cell strain required 10-to 20-fold higher doses of UV radiation to exhibit comparable increases in recombination. These results suggest that unexcised DNA damage induced by UV radiation, rather than the nucleotide tThis value takes into account that recombinants of this cell strain exhibited 95% survival at a Hyg concentration of 100,ug/ml.
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excision repair process per se, stimulates homologous recombination. Characterization of Recombination Products. The types of recombination products induced by UV in these cells were compared with the spontaneous recombination products. For KMST-6-9 and XP2YO(SV)-65 cells, which contain only a single copy of the plasmid, the ratio of gene conversions to single reciprocal exchanges can be determined by assaying the recombinants for G418 resistance. A single reciprocal exchange results in a single wild-type copy of the hyg gene and loss of the neo gene (Fig. 4 Upper) . In contrast, a gene conversion event preserves the hyg gene duplication and the neo gene. Results of the biological assay with these two cell strains suggested that all of the events involved gene conversion. To confirm the bioassay in single-copy strains and to determine the ratio ofgene conversion to reciprocal exchange in multicopy strains, Southern blot analysis was performed. The results (Table 2 and Fig. 4) showed that all but one of the events involved gene conversions. In general, except for strain XP2YO(SV)-65, there was a bias toward conversion of the Pvu I mutant gene in both the spontaneous and the UV-induced gene conversion.
DISCUSSION
We have investigated the role of UV-induced DNA damage and nucleotide excision repair in intrachromosomal homologous recombination, using a cell strain with a normal capacity for nucleotide excision repair and two repairdeficient XP cell strains representing complementation groups A and F.
Six cell strains with low copy numbers of intact substrate were tested by fluctuation analysis to determine rates of spontaneous recombination. The rates for the three XP strains did not differ significantly from the rates for the normal strains ( Table 1 ), indicating that the repair deficiencies in these XP cell strains had no detectable effect on the spontaneous rate of intrachromosomal recombination. In addition, these results support the hypothesis that spontaneous recombination does not result from the presence of DNA damage that resembles the lesions induced by UV. Furthermore, the types of recombination products (i.e., gene conversion versus reciprocal exchange) recovered from normal and XP cells were similar.
In concluding that the DNA repair deficiencies of the XP cell strains did not affect the types of recombination products obtained, it must be pointed out that in the present study, essentially all the hyg gene recombinants had patterns consistent with gene conversion (Table 2 ). In contrast, in studies of spontaneous (16, 20) or carcinogen-induced intrachromosomal homologous recombination (12, 13) using mouse L cells containing a plasmid with duplicated copies of the Htk gene, the ratio of gene conversion events to single reciprocal exchanges between the Htk genes was 85:15. This difference may reflect the difference in cell strains or in recombination substrates or an inability to recover the reciprocal recombination product. In reciprocal recombinants, the hyg gene lacks the neo gene enhancer, and it is possible that the level of hyg expression in such recombinants is inadequate. The possibility that lower levels of expression are responsible for the observed low frequency of reciprocal recombinants with hyg genes is strengthened by results using the Htk gene as a substrate for intrachromosomal recombination in human cells showing that reciprocal-exchange products are found in 10% of the total spontaneous and UV-induced recombinants in both repair-proficient and -deficient strains (24) .
XP cell strains exhibited a significant dose-dependent increase in the frequency of recombinants at low UV doses. With the normal cells, a 10-to 20-fold higher UV dose was required for a comparable increase in frequency. Of relevance, these normal cells exhibited a 10-fold higher rate of UV-induced unscheduled DNA synthesis (repair synthesis) than the XP cells. These data suggest that the excision repair functions that are defective in the XP cells are not required for UV-stimulated homologous recombination and support the conclusion that intrachromosomal recombination is stimulated by persistent UV-induced lesions. Such stimulation could be due to discontinuities in daughter-strand DNA near the site of the UV-induced lesions that could provide a substrate for initiating recombination. Our data for intrachromosomal recombination are consistent with extrachromosomal recombination studies showing that the frequency of recombination among UV-irradiated infecting virus is higher in excision repair-deficient human cells than in repairproficient cells (25) . DNA damage can enhance DNAmediated transformation of human cells (26) (27) (28) (29) , but not rodent cell lines (29) , probably by increasing the chance of integration ofthe transfected DNA. Therefore, it appears that persistent DNA damage can influence both homologous and nonhomologous recombination in human cells.
Finally, since mitotic recombination between homologous chromosomes can lead to homozygosity of recessive oncogenes, the results of our study suggest that the increased risk of certain malignancies in individuals with XP could reflect increased recombination after DNA damage.
